Abstract. We perform a set of cosmological simulations of structure formation in a mixed dark matter (MDM) model. Our model is motivated by the recently identified 3.5 keV X-ray line that can be explained by the decay of non-resonantly produced sterile neutrinos, if they account for 10-60% of the dark matter in the Universe. The non-resonantly produced sterile neutrino has sizable free-streaming length and hence behaves effectively as warm dark matter (WDM). Assuming the rest of dark matter is composed of some stable and cold particles, i.e. cold dark matter (CDM), we follow the coevolution of the CDM and WDM density perturbations. Specifically, we consider the models with the warm component fraction of r warm = 0.25 and 0.5. Our MDM model predicts that the comoving Jeans length at the matter-radiation equality is close to that of the thermally produced warm dark matter model with particle mass m WDM = 2.4 keV but that the suppression in the fluctuation power spectrum is weaker. We perform large N -body simulations to study the structure of nonlinear dark halos in the MDM model. The abundance of substructure is significantly reduced in the MDM model, and hence the so-called small scale crisis is mitigated. The cumulative maximum circular velocity function (CVF) of at least one halo in the MDM models is in good agreement with the CVFs of the observed satellites in the Milky Way and Andromeda. We argue that the MDM models open an interesting possibility to reconcile the reported 3.5 keV line and the internal structure of galaxies.
Introduction
It has been well established that the standard ΛCDM model is consistent with an array of observations of large scale structure such as galaxy clustering and the anisotropies of the cosmic microwave background (CMB) [1] [2] [3] . However, there appear to be inconsistencies between the ΛCDM model and observations at the subgalactic scales, which is often called the small scale crisis. One of the problem is the missing satellite problem [4, 5] , which claims that the cumulative maximum circular velocity function (CVF) of subhalos 1 in the ΛCDM simulation does not match that of the Local Group. Not only within the Local Group, the subgalactic structure in field galaxies probed by the H I disk velocity width function also suggests essentially the same problem of the ΛCDM model [6, 7] . A promising solution to the small scale crisis is to introduce warm dark matter (WDM) [8] . Free-streaming of WDM particles effectively suppresses the growth of small scale structures and reduces the abundance of subhalos. According to popular particle physics models, the degree of the particle free streaming is inherently related to the particle mass, and thus one can place an upper bound on the WDM particle mass from observations of the abundance and the distribution of Galactic satellite galaxies [7] . Interestingly, observations of the Lyman-α forests in distant QSO spectra provides lower bounds on the DM particle mass from the measurement of small scale clustering of neutral H I gas [9] . Unfortunately, these constraints actually contradict each other [10] , suggesting that introducing a pure warm dark matter does not provide a consistent solution to the small scale crisis. It thus appears important and timely to explore another model that can be made consistent with both the observations. In the present paper, we study structure formation in mixed dark matter models 2 that can relax the constraint from Lyman-α forests [11] .
From the viewpoint of DM indirect search, there exists another motivation for the MDM model. Two recent X-ray observations [12, 13] independently indicate the existence of an unidentified X-ray line at E γ ≃ 3.5 keV in stacked spectra of galaxy clusters (e.g. Perseus) and Andromeda galaxy observed by XMM-Newton and Chandra. 3 The line can be originated from the elementary process of the DM. Many studies then attempted to explain the anomalous line in particle physics motivated DM models . Here, we focus on the case that the radiative decay of the sterile neutrino with mass M ≃ 7 keV is the origin of the X-ray anomaly. Furthermore, we consider that the sterile neutrino was produced via non-resonant process (Dodelson-Widrow mechanism [65] ) in the early Universe. With these assumptions, our model predicts that the amount of non-resonantly produced (NRP) sterile neutrino is less than the total amount of DM in the Universe [2] . We thus assume that another stable particle accounts for the rest of DM that effectively behaves as cold dark matter. It is worth mentioning that such a multi-component dark matter model opens up an interesting possibility. The rest of DM can be composed of weakly interacting particles (WIMPs). Their annihilation can explain the reported γ-ray anomaly in the Galactic center [66] [67] [68] [69] , especially if their thermal relic contributes only partially to the total dark matter density. The sterile neutrino that was produced non-resonantly in the early Universe has sizable free-streaming length and behaves as the WDM particle. Observations of Lyman-α forests [11] suggest that the NRP sterile neutrino with M ≃ 7 keV is excluded if it accounts for the whole DM. Our MDM model can evade this constraint, however. It is thus important and timely to study structure formation in the MDM model, especially from the viewpoint of the small scale crisis.
In the present paper, we first review the particle physics motivation and the production mechanisms of the sterile neutrino. Then we identify the parameter sets in which the recently detected X-ray line can be explained. This is presented in section 2. We show the results of linear and non-linear structure formation in the MDM models with the identified parameter sets in section 3. Finally, in section 4, we give discussion and concluding remarks.
Sterile neutrino
This section is aimed at showing that when NRP sterile neutrino occupies a certain fraction of the whole dark matter, their radiative decay can explain the observed X-ray anomaly. We begin with brief summary of the particle physics motivation and the properties (especially, mixing angle) of sterile neutrino. Then, we describe in detail the production mechanism and derive the resultant relic density, which determines the NRP sterile neutrino fraction. Finally, we specify the required NRP sterile neutrino fraction and the corresponding mixing angle to explain the observed X-ray anomaly. After we specify the particle physics model, we investigate the structure formation in MDM models with the identified NRP sterile neutrino fraction in the rest of the present paper.
Observed oscillations between different species of left-handed neutrino indicate that there should be a right-handed counterpart. In a simple extension of the Standard Model (SM), the right-handed neutrino ν R, I couples with the left-handed lepton doublet L α and the Standard Model Higgs doublet H through a Yukawa coupling L int = − α, I F α ILα Hν R, I + h.c.. Once the Higgs doublet develops a vacuum expectation value, H =(0, v), the Yukawa coupling gives a Dirac mass to the neutrino. To be gauge invariant, the Yukawa coupling requires the right-handed neutrino to be a singlet under the Standard Model gauge group. This is why the right-handed-like mass eigenstate is referred to the sterile neutrino whereas the left-handed-like mass eigenstate is referred to the active neutrino.
Gauge invariance allows sterile neutrino to have a Majorana mass L int = − I M I /2ν c R, I ν R, I + h.c.. Here we take a basis of the right-handed neutrino such that the Majorana mass matrix is diagonal. The Majorana mass may lead to a hierarchy between the active and sterile neutrino masses. We can find the mass eigenstate ν m i by diagonalizing the mass matrix. When an unitary matrix U relates these two bases such that
, the mixing angle θ is defined by sin
The mixing angle is important for the phenomenology of the sterile neutrino since the sterile neutrino can interact with the SM particles only through the mixing. The reaction rate with SM particles is suppressed at least by a factor of sin 2 (θ). Now let us discuss the production of the sterile neutrino in the early Universe. In the present paper, we consider a small mixing angle of sin 2 (2θ) < 10 −8 . With such a very small mixing, the sterile neutrino can not be thermalized in the plasma of the SM particles. The sterile neutrino is produced non-thermally via the oscillation between the active and sterile neutrinos. 4 It should be noted that the oscillation is affected by the existence of the SM particles especially in the early Universe [75] . For simplicity, we focus on the case that only one active-sterile pair is relevant. Then, the Hamiltonian is given by
Here we assume the neutrinos are relativistic, p ≫ F α v, M . After diagonalizing the Hamiltonian, we obtain the effective mixing angle,
and the effective energy squared difference,
We have rewritten the effective quantities in terms of the quantities at vacuum (
The SM model particles contribute to V α through the weak interaction [75] . We expand V α in terms of 4 Hereafter we consider the minimal framework of sterile neutrino introduced above. In possible extensions, sterile neutrinos can be produced in their intrinsic mechanisms as well as active-sterile oscillation (see ref. [70] for review). If one gauges U (1)B−L, for example, right-handed neutrinos can be produced through exchange of the U (1)B−L gauge boson immediately after reheating of the Universe [71] . In another extension, one introduces singlet Higgs boson. After the singlet Higgs boson develops a vacuum expectation value, Majorana mass MI arises from Yukawa coupling to right-handed neutrinos. Non-thermal decay of the singlet Higgs boson can contribute to the relic density of sterile neutrino [72] [73] [74] .
p/m W/Z , T /m W/Z (m W/Z is the mass of W/Z-boson). The leading contribution is proportional to the lepton number n Lα − n Lᾱ , 5 6) with the Fermi constant G F and the Weinberg angle x W ≡ sin 2 θ W ≃ 0.23. The potential takes an opposite sign for the neutrino (+) and anti-neutrino (−). If the lepton number is of the same order as the baryon asymmetry due to, for instance, the sphaleron process [77, 78] , V 0 α is negligibly small. Therefore we should consider the next leading contribution, which is proportional to the lepton energy density plus pressure,
The next leading contribution has the same sign for the neutrino and anti-neutrino.
As we can see from Eqs. (2.3), (2.6) and (2.7), the leading potential V 0 may cause a resonance in the active-sterile mixing, while the next leading potential V 1 always suppresses the mixing. If the large lepton asymmetry is produced after the sphaleron process (by, e.g., degenerate right-handed neutrino oscillation [79] or Affleck-Dine mechanism [80] ), it may result in the resonant production of the sterile neutrino, which can account for the observed DM mass density [81, 82] . In light of reported X-ray anomaly around 3.5 keV, the resonantly produced sterile neutrino is revisited and its implication for the structure formation is investigated in ref. [22] . In the present paper, we assume small lepton asymmetry and hence V 0 ≃ 0.
With the next leading potential, the effective mixing angle can be rewritten as,
where we assume among the charged leptons only the electron is relativistic and makes a relevant contribution at the temperature of interest (T ∼100 MeV as we explain below) and ζ = 1.0 for ν e and ζ = 0.3 for ν µ/τ . This implies that the sterile neutrino is produced efficiently at the temperature below 100 MeV(p/T ) −1/3 (∆m 2 /1 keV 2 ) 1/6 . The Boltzmann equation of the sterile neutrino can be written as [65, 83, 84] ,
where the active neutrino follows the thermal distribution f a = (exp(p/T ) + 1) −1 . The collision rate Γ α is proportional to the lepton energy density plus pressure [85, 86] . After summing up all contributions, we obtain
In general the baryon number also makes a leading contribution to the potential Vα [75] . The baryon number of the Universe, however, is constrained to be negligibly small n b /s ≃ 8 × 10 −11 (s is entropy density) by the CMB [76] .
where we again assume only the electron is relativistic and makes relevant contribution. The number of collision per Hubble time increases with the temperature as Γ α /H ∝ sin 2 (2θ)(p/T )T 3 . From this and eq. (2.8), we can find that the sterile neutrino is mainly produced at T ∼ 100 MeV(p/T ) −1/3 (∆m 2 /1 keV 2 ) 1/6 . Here let us consider the momentum distribution of the resultant sterile neutrino. At the sterile neutrino production, the number of production reactions per Hubble time is given by sin
and is independent of the momentum. Therefore the resultant momentum distribution of the sterile neutrino is proportional to that of the active neutrino, f s ∝ sin 2 (2θ)(∆m 2 ) 1/2 f a [65, 84] . 6 Finally we obtain the relic density of the sterile neutrino,
where we have used ∆m
The sterile neutrino introduced in the above has interesting astrophysical implications. The dominant decay mode of the sterile neutrino is ν R → 3ν L /ν L with the decay rate of [91] ,
(2.13)
The lifetime of the sterile neutrino is much longer than the age of the Universe (∼ 10 17 s). This ensures that the sterile neutrino produced in the early Universe still exists at present; it is a good candidate of (a part of) DM. The radiative decay of the sterile neutrino
is subdominant but has an important implication for the observed X-ray anomaly around 3.5 keV. The radiative decay rate is given by [92] ,
where α is the QED fine structure constant. The sterile neutrino decay in an over-dense region contributes to the observed X-ray flux,
where Σ s/DM and Ω fov are the column density of the sterile neutrino/DM and the field of view of the target object. In the second line, we have used Σ s = Σ DM Ω s /Ω DM and Eqs. (2.11) and (2.15) . Following the analysis in ref. [13] , we adopt the mixing angle of sin 2 (2θ) ≃ 0.30
−0.13 × 10 −9 to explain the observed X-ray anomaly around 3.5 keV. Here we have used the observed flux from Andromeda (on-center) F s = 4.9
+1.6 −1.3 × 10 −6 cts/s/cm 2 and the column density of DM Σ DM ≃ 680 +950 −500 M ⊙ /pc 2 [93] . We have also taken into account the possible suppression in the sterile neutrino relic density Ω s by a factor of 2. In this case the sterile neutrino accounts for 10-60% of the whole DM mass density.
In the following sections, we do not specify what accounts for the rest of DM but assumes that it is composed of some stable and cold particles. Interestingly, when they are the thermal relic of WIMPs, their annihilation can produce sufficient γ-rays to resolve the observed anomaly in the Galactic center [66] [67] [68] [69] . As an illustrative example, we consider the case that WIMP annihilates into bb. From figure 6 in ref. [66] , its annihilation cross section should be σv ≃ 0.7-1.6 × 10 −26 cm 3 s −1 depending on mass of WIMP (m WIMP ≃ 22-44 GeV) when all of DM particles are composed of WIMP. It simply follows that the thermal relic of WIMP accounts for (σv) crit /σv of the whole DM mass density. From figure 5 in ref. [94] , we find that (σv) crit ≃ 2.5 × 10 −26 cm 3 s −1 for the WIMP mass of interest. Assuming that all WIMPs are the thermal relic and noting that the annihilation rate is proportional to the WIMP number density squared, we obtain the required cross section to explain the observed γ ray anomaly, σv ≃ 4-9 × 10 −26 cm 3 s −1 . This leads to Ω WIMP /Ω DM ≃ 0.28-0.64.
Linear and nonlinear evolution

Linear growth
We consider models in which DM consists of NRP sterile neutrino and some cold and stable particles. Free-streaming of the NRP sterile neutrino suppresses growth of the matter density perturbation. As discussed in section 2, the ratio of the sterile neutrino (warm component) to the whole DM mass is r warm ≃ 0.20
−0.10 when the mixing angle takes a value of sin 2 (2θ) ≃ 0.30
+0.65
−0.13 × 10 −9 . Then radiative decay of the sterile neutrino can explain the X-ray anomaly around 3.5 keV reported in recent XMM Newton and Chandra observations. We focus on the two models with r warm = 0.25 and r warm = 0.50, respectively.
For comparison, we calculate the evolution of the matter density fluctuations in the CDM model, the MDM models discussed above, and a WDM model with thermal relic mass m WDM = 2.4 keV. We use the public code CAMB [95] with suitable modification. In order to take the effect of free-streaming of DM particles into account, we use the covariant multipole perturbation method [96, 97] . Technically, the Fermi-Dirac distribution of the massive neutrino is replaced with the momentum distribution of the NRP sterile neutrino for the MDM models. For our WDM model (for comparison), the WDM particles follow the Fermi-Dirac distribution. We adopt cosmological parameters of WMAP+BAO+H 0 Mean in ref. [76] 
Note that in our MDM models and the WDM model we replace the energy density of CDM Ω CDM h 2 by the energy density of the total DM.
In figure 1 , we compare linear matter power spectra for our selected models. The MDM models with r warm = 0.25 (green dashed line) and 0.50 (magenta dash-dotted line) result in slightly suppressed linear matter power spectra compared with that of the CDM model (blue solid line). This is because of the free-streaming of the NRP sterile neutrino. The MDM models show smaller suppression than the WDM model (red dotted line) because NRP sterile neutrino contributes to only 25% and 50% of the whole DM.
One may regard the thermal relic WDM model with mass m WDM = 2.4 keV as being a counterpart of our MDM model with r warm = 0.25, because the cutoff scales of the linear Observations of Lyman-α forests severely constrain the WDM model, but not the MDM model, despite the fact that the cutoff scales are identical. The recent constraint on the WDM mass derived by ref. [9] is m WDM > 3.3 keV and hence the WDM model in figure 1 is indeed excluded. However, the constraint is not applied naively to the MDM model. Ref. [11] shows the parameter region that is consistent with Lyman-α forests for resonantly produced + NRP sterile neutrino model. Since their model can be approximately regarded as a MDM model, the constraint can also be applied to our MDM models. From figure 3 in ref. [11] , we find that our MDM models evade the constraint from Lyman-α forests.
The characteristic cutoff length scale given by (3.2) implies the possibility that our MDM models resolve the small scale crisis. The Jeans mass corresponding to k J is
Formation of halos with mass below M J is expected to be suppressed. Since M J is smaller than the Galactic mass, the so-called small scale crisis can be alleviated in our MDM models. This motivates us to perform simulations to investigate how strongly the formation of subhalos is suppressed in galactic size halos.
Numerical simulations
We use the parallel Tree-Particle Mesh code GADGET-2 [98] . We use the linear matter power spectra shown in figure 1 . The simulated volume is L 3 = (10 Mpc/h) 3 . We employ N = 512 3 particles with uniform mass of m part ≃ 5.7 × 10 5 M ⊙ /h and set the gravitational softening length ǫ = 1 kpc. The initial redshift of our simulation is z = 19. We show halo mass functions from DM only N -body simulations in figure 2. Halos are identified by Friends-Of-Friends (FOF) method [99] . In figure 2 , the number of halos with mass below ∼ 10 10 M ⊙ /h is suppressed in the MDM models (green dashed for r warm = 0.25 and magenta dash-dotted for 0.50) compared to that of the CDM model (blue solid). In the WDM model (red dotted), even stronger suppression is seen below the same mass. Note that numerical discreteness effect is seen in the WDM model. In refs. [100, 101] , it is reported that halos with mass below
may have been seeded by discrete particle effects and hence the mass function below the 'critical' mass is unreliable for hot/warm DM model. Here,d = L/N 1/3 is the mean interparticle distance, and k peak is the wavenumber at the maximum of ∆(k) (see figure 1) . Black vertical lines in figure 2 indicate M lim for the WDM model. An upturn seen in the lower panel of the mass function for the WDM at the left of the black line is likely unphysical. While it is unclear how the discreteness effect changes the mass function in MDM models, it seems to be insignificant because no clear upturn is found in the lower panel of figure 2 .
Next, we examine the structure of individual halos. It is important to measure the radial density profile of halos in the MDM models because it is suggested that the DM profile inferred from 3.5 keV line is consistent with the Navarro-Frenk-White (NFW) profile [102] in ref. [13] . A recent study [103] find that the NFW profile is also produced in the WDM model. We find that the halo density profiles in the MDM model are indeed well described by the NFW profile. Figure 3 shows the density profiles of several halos in the CDM and MDM models. We compare the profiles of halos with similar mass in the CDM model (solid) and the MDM models (dashed for r warm = 0.25, dash-dotted for r warm = 0.50). We simply regard the density peak as the halo center. Clearly, all the profiles are close to each other. The slight difference between the red lines is largely caused by the different distributions of the massive subhalos. Overall, we conclude that the density profile of the galactic size halos in our MDM models is well described by the NFW profile at least from 10 kpc to ∼ 200 kpc.
In ref. [13] , the authors investigate the X-ray line profile of Perseus cluster and that of central ∼ 10 kpc region of Andromeda. Our simulations do not have galaxy cluster size halos formed nor resolve the central ∼ 10 kpc region of the galactic size halos. However, on the assumption that we can extrapolate our simulation results to galaxy cluster size halos 7 or the innermost region of the galactic size halos, the density profiles of the halos in our MDM models are compatible with the line profile reported in ref. [13] .
Subgalactic scale
The subgalactic scale Jeans mass (eq. (3.3)) implies our MDM models have smaller number of subhalos and hence possibly resolve the missing satellite problem. We compare the cumulative maximum circular velocity functions (CVFs) of our simulated halos with the observed CVF in figure 4 . We use SUBFIND [104] to locate subhalos. Maximum circular velocity is defined by where M (< r) is the enclosed mass within the radius r from the subhalo center. The direct observable is the line-of-sight stellar velocity rather than the maximum circular velocity. Thus, we assume isotropic velocity distribution and adopt conventional simple conversion [4] 
where σ los is the line-of-sight stellar velocity dispersion. The conversion factor √ 3 (e.g., eq. (1) in ref. [105] ) yields a lower bound because the actual stellar distribution may not extend to the radius R max at which the circular velocity reaches its maximum. The estimation error of using eq. (3.6) is typically less than ∼ 10-20% [106] , and thus the choice of either eq. (3.5) or eq. (3.6) does not significatnly affect the results. For an extreme example, on the other hand, the conversion factor is estimated at ≃ 2-3 by assuming a relation between R max and V max found for galaxy cluster size halos [107] . We discuss the implications of larger conversion factor in section 4. One may think we should measure σ los directly from the simulation data. However, σ los is observationally measured for ∼ 1 kpc regions from the center of satellite galaxies. Since our simulations do not resolve such an inner region, we can not compute σ los directly in the same manner as the observations.
Observational data (triangles in figure 4 ) are taken mainly from [108] . We use satellite galaxies associated with the Milky Way (MW) or Andromeda in [108] . We regard the maxima of the rotation curve reported in [108] as the maximum circular velocities of LMC, NGC 205, 147, and 185 (see appendix A). For IC 10 associated with Andromeda, we use the peak of H I disk rotation curve in ref. [109] as V max . We apply approximation (eq. 3.6) to the other satellites. Velocity dispersions of satellites associated with the MW are taken from [108] . 
, and ∼ 7.1 × 10 11 M ⊙ (dark-green). Red, magenta, and dark-green lines represent the same halos as in figure 3 . Top panel is comparison between the CDM and the observation. There are too many simulated subhalos than observed satellites at small V max . The other panels show comparison between our MDM models (middle: r warm = 0.25, bottom: r warm = 0.50) and the observation. Bold lines show halos that are close to the observation.
For satellites associated with Andromeda, we use velocity dispersions of refs. [110] (And II), [111] (And XVI, XXI), [108] (And XII), and those in [112] (for the other satellites). Pisces II and And XXIV are not included in figure 4 because their velocity dispersions are not known. Thus, the observed CVF would change slightly if the two satellites are included with updated velocity measurement. It should be noted that more than half of the satellites were not discovered until Sloan Digital Sky Survey (SDSS). Since SDSS does not cover the full sky, more satellite galaxies will be discovered if the whole sky is surveyed. We will discuss the case that there are yet-to-be discovered satellites in section 4.
From simulations, we extract halos with mass between 7.0 × 10 11 M ⊙ and 2.7 × 10 12 M ⊙ . We classify halos whose mass is larger than 7.1 × 10 11 M ⊙ [113] 8 and smaller than 2.7 × 10 12 M ⊙ [114] as candidates of the MW, and halos whose mass is larger than 7.0×10 11 M ⊙ [115] and smaller than 2.1×10 12 M ⊙ [116] as candidates of Andromeda. Within these host halos, we identify subhalos by SUBFIND algorithm [104] and calculate V max from eq. (3.5) where the density peak is regarded as the center of subhalo. We only consider subhalos with V max > 9 km/s so that at least 50 particles are inside of R max . Since the distances of the farthest satellite galaxies from the MW and Andromeda centers are 258 kpc and 279 kpc, respectively, we do not include subhalos whose distance from the host is larger than 279 kpc. We assume that the most massive subhalo, or "background halo", corresponds to the MW or Andromeda itself. Thus, figure 4 does not include the "background halo".
Our CVFs in our MDM models are consistent with the observational data as seen in the middle panel (r warm = 0.25) and in the bottom panel (r warm = 0.50) of figure 4. The top panel for the CDM model clearly shows that there are at least a factor of ∼ 1.5 differences between simulations and observations at small V max . Blue line in the middle panel and darkyellow, cyan, and dark-green lines in the bottom panel are close to observations at small V max . These halos are shown with bold lines. Furthermore, the overall shape of the blue line in the middle panel and dark-yellow line in the bottom panel agree with observations. Therefore, our MDM models can mitigate the small scale crisis.
Discussion and conclusion
We have studied structure formation in MDM models that can explain an anomalous X-ray line around 3.5 keV observed by Chandra and XMM-Newton. In our MDM models, the NRP sterile neutrino composed ∼ 25% and ∼ 50% of DM mass density and some cold stable particle accounted for the rest. The mass and the mixing angle of the sterile neutrino are M ≃ 7 keV, sin 2 (2θ) ∼ 4.0 × 10 −10 , and 8.0 × 10 −10 , respectively. The parameter set makes the MDM models viable and consistent with observations of the Lyman-α forests.
We have shown that the MW-like and Andromeda-like halos (in terms of the halo mass) in our MDM simulations have the total number of subhalos comparable to that of observed satellites. The CVF of at least one of these halos is consistent with the observations of the Local Group. Therefore, we conclude that our MDM models explain the X-ray line, the Lyman-α forests, and the CVF simultaneously. Besides, our MDM models could explain the γ-ray anomaly in the Galactic center as is discussed in section 2.
host halo mass [10 12 It is interesting to examine the radial distributions of satellites in the simulated MDM halos. We compare the radial distributions in figure 5 . For the plot, the same satellite galaxies in section 3.3 are used with all the galactocentric distances taken from [108] . We select halos from the same simulations as in section 3.2 and 3.3. Note that the distances of the farthest observed dwarfs are 258 kpc (MW) and 279 kpc (Andromeda). The line colors and symbols are set consistent with the halos shown in figure 4 . Bold lines correspond to the halos whose CVF is consistent with the observation (represented by blue line for r warm = 0.25 model and dark-yellow, cyan, and dark-green lines for r warm = 0.50 model in figure 4) . Note that the number of subhalos of the innermost bin is likely affected by the gravitational softening of the simulations [117] . In the innermost regions, the subhalos are also vulnerable to tidal disruption. The effect is enhanced numerically when the central densities of the subhalos are low owing to the gravitational softening.
Compared to the CDM model, the satellite radial distributions in our MDM halos are more concordant with those of observation. The number of satellites are closer to those of observation in all the radial bins but in 60-120 kpc. Table 1 shows the residual sum of squares (RSS), i (N i, sim. − N i, obs. ) 2 where N i, data is the number of satellites in i-th bin. The RSS is smaller in our MDM models than in the CDM model. Note that we exclude the innermost bin from the sum.
We notice that the number of satellites around the MW farther than 120 kpc is much smaller than that around Andromeda. This may be because the Galactic disk prevents us to survey the whole sky, or because the radial distribution has considerable intrinsic variations among halos. The latter is indeed suggested by our simulation results (see figure 5) .
As briefly discussed in section 3.3, the observational data may have to be corrected because SDSS covers only ≃ 35.3% of the whole sky (Data Release 10). We attempt to make such correction in a crude manner as follows. For each MW satellite that was discovered first by SDSS (SDSS satellite), we assume that MW has 1/0.353 ≃ 2.83 satellites whose galactocentric distance and maximum circular velocity is the same as the SDSS satellite (see e.g. [118] ). This results in a larger number of satellites and correspondingly a large CVF similar to dark-yellow line in the CDM simulation. Furthermore, RSS of radial distribution becomes smaller in the CDM model. Clearly, the substructure problem in the CDM model is mitigated in the MW if our crude correction yields the true satellite abundance and distribution. Similarly, since surveys like Pan-Andromeda Archaeological Survey [119] do not cover the whole virial radius of Andromeda, it is possible that there exist yet-to-be discovered satellites around Andromeda.
Adopting a larger conversion factor of eq. (3.6) also affects the CVF of the MW and Andromeda satellites. It shifts the CVF of observed satellites horizontally to the right in figure 4 and to increase the number of satellites with V max > 9 km/s. Since the conversion factor is not necessarily constant for all the satellites, it is non-trivial to judge whether the MDM models explain the observation. However, even in the case that all the satellites have the same conversion factor of three (maximum value in ref. [107] ), the number of satellites with V max > 9 km/s still does not increase to the level of the CDM model. Thus, the uncertainties in the conversion factor, do not affect our conclusions significantly.
Throughout the present paper, we have assumed that all the subhalos host luminous galaxies. This is certainly a critical assumption. We argue that, even if there are subhalos that do not host luminous objects, they are expected to contain neutral hydrogen. By observing the 21 cm emission or absorption due to such neutral hydrogen clumps, one can construct H I disk velocity width function [10, 120] . Also, such 21cm observations hold promise for probing the matter distribution in the cosmic Dark Ages [121] where the density fluctuations are still in linear regime even at small length scales. Future observations can hopefully constrain the cosmological models such as our MDM models.
We have used dissipation-less DM N -body simulations only, and thus we are not able to examine if the (sub)halos host luminous galaxy. The abundance matching technique suggests that the galaxy luminosity is tightly correlated with the V max [122] . On the other hand, too big to fail problem [123, 124] suggests that such a simple connection cannot be applied to satellite galaxies [124] . Ultimately, in order to determine whether or not a (sub)halo hosts a luminous object, simulations including baryonic physics will be needed. Baryonic effects such as supernovae feedback and photoevaporation by ultra-violet background radiation influence dynamical properties of subhalos (e.g. [124] ). The rotation curve of central region can change significantly by such baryonic processes [125] .
The nature of dark matter particles can be studied also from particle physics point of view. We interpret the X-ray 3.5 keV line as the decay signal of sterile neutrino that was non-resonantly produced in the early Universe. The interpretation actually suggests a larger mixing angle of sterile neutrino than in the case with resonantly produced sterile neutrino [22] . Thus we can test our model, in principle, by measuring the mixing angle in some other way. One of the tests is pulsar kick [126] . It is observed that some pulsars have large bulk velocities directed along their spin. Sterile neutrino can cause this pulsar kick, because anisotropically produced active neutrinos in the presence of magnetic field are converted to sterile neutrinos that escape from pulsar without washing out the anisotropy. The recoil of the sterile neutrinos kicks the pulsar. When sterile neutrino has a few keV mass, the onset of kick is considerably delayed because it takes a long time for large lepton asymmetry to relax to zero through the mixing [84, 126] . The delay time depends on the mass of sterile neutrino and mixing angle, and thus offers a way to placing constraints on these basic quantities (see figure 1 in ref. [126] ).
Our MDM models successfully explain an anomalous X-ray line at E γ ≃ 3.5 keV and the nonlinear simulations for our MDM models show that the CVF and the radial distribution of satellites are compatible with observations. Constraints from the observation of Lyman-α forests allow these models since the linear matter power spectra in these models shows mild suppression at the subgalactic scale. Further studies are warranted to test the validity of the MDM models using future observations.
A The difference between the halo maximum circular velocity and the peak of the rotation curve
In ref. [6] , they suggest that the ratio of the peak of the disk rotation curve V max, d to the maximum circular velocity of the halo V max takes the form where f disk is the ratio of the disk mass to the halo mass, and λ = J |E|/GM 5/2 vir is the spin parameter [127] , J, E, and M vir are the total angular momentum, the total energy, and the virial mass of the halo, respectively. We follow the choice in ref. [6] that f disk = 0.03. We consider the case that λ takes the value between 0.019 to 0.085. This range is adopted for the following reasons. In ref. [128] , it is shown that the distribution of the spin parameter λ ′ obeys the log-normal distribution with the meanλ ′ = 0.034 and the variance σ ln λ ′ = 0.59. Here, λ ′ = J/ √ 2M vir r vir V vir is the spin parameter defined in ref. [129] , where r vir and V vir are the virial radius, and the circular velocity at the virial radius, respectively. For the NFW profile halo, λ = λ ′ f (c) [130] where c is the concentration parameter of the NFW profile and f (c) = [131] . With the assumption that the distribution of λ ′ does not change in our MDM models, the 1-σ confident interval of λ ′ is from 0.019 to 0.061. If the concentration parameter takes the value between 5 to 30 [130] , the ratio λ/λ ′ takes the value between 1 to 1.4. Therefore, we consider the range from 0.019 × 1 = 0.019 to 0.061 × 1.4 = 0.085. Although we consider probably as wide range of λ as possible, conversion factor (A.1) takes the value between 1.09 and 1.30. These values are so close to unity that we ignore the difference between the peak of the rotation curve and the halo maximum velocity.
